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A b s t r a c t

Using tandem mass spectrometry

observed to interact with the HZO and

the HzO+, H30+, DZO’, and D30+ ions were

DZO neutrals. The reactions consisted of a

series of charge transfer, proton transfer, and isotopic exchange steps. The

experimental data sets consist of variations of ion abundance’s over the neutral

pressure range from O to 2x1 O-s Torr. An expected sequence of isotopic exchange

reactions is specified. An exact solution of the set of differential equations was

determined for the reactions of ionized water and then for protonated water. A

linear regression technique was then used to determine the individual reaction

rate

The

coefficients from the experimental data.

Branching ratios and relative reactions rate coefficients were determined.

statistical analysis showed that only an evaluation of the primary isotopic

exchange processes is significant, The errors in the determinations of subsequent

channels increased rapidly. The analysis introduced in this work was applied to

SIFT data published previously. Statistical analysis of the results shows that

determination of a specific mechanism is not justified.
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I n t r o d u c t i o n

Part of the

selected ion flow

water system which is reportc.d here was

tube (SIFT) technology . While. conclusions

previously studied b y

of the original study

were not disproven, it was re-analyzed. Additional data from the tandem (ICR)

provides new information on the SIFT technology and the conclusions previously

reported from that work.

Only

scrambling.

is prevalen

a few ion-molecule systems  h a v e  b e e n  s t u d i e d  f o r  deuterium

This is an important process that needs to be. quantified. Deuterium

in our solar system and is present in interstellar space. The ratios of

hydrogen and deuterium in various molecule.s and the isotopic fractionation

processes occuring  in these regions are of great relevance to interpreting the

cosmic abundances. The fundamental ion-molecule reaction that needs to b e

measured is the reaction between an ion and neutral which have only one

deuterium atom between them: i.e. it can be present in either the ion or the

neutral.

Partially deuterated systems are particularly difficult to study, principally

due to the cost of the materials and the quantities needed to passivate the

experiment. Deuterium exchange reactions are also very difficult  to study

because of the rapid rates of exchange, the number of consecutive steps, and the

extent of the branching that occurs. In the case of water, where the experimental

apparatus retains the isotopic species for a long time because of the adhesion of

the water to the various surfaces of the experiment, the purity of the neutral

isomer cannot be validated. Even when a tandem experiment is used and the ion

mass is preselected, the rate of isotopic scrambling makes the certainty of a

specific mass’ isomeric composition questionable. A case in point is the ion HDO+

which has a mass of 19 Dalton, but which cannot bc distinguished from the H30’

ion.
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The conclusion of Smith et al.l was that the deuterium exchange in

the H30+/Dz0  and D30+/Hz0  systems behaved as a purely statistical process. They

conclude also that the reactions proceed through a long-lived association

complex which lives sufficiently long enough to randomize the H’s and D’s before

unimolecular decomposition can occur. These results  were for the thermal

neutral isotopic exchange reactions between H30’ and D20 and between D30+ and

HZO.

They also published in the same paper-l the reaction of D30+ and NH3 a n d

found very different  results .  In this  proton transfer reaction only D+ 
w a s

transferred. In this case they concluded that a long lived intermediate complex

was not formed. Similar results were found with CD~+/N H ~ and other asymmetric

exothermic proton transfer reactions.

These types of

ICR studies3, charge

systems,

reactions

statistical

HzD+/IID,

1sN2+/14N2,

studies are reported in published work in 19762’3. Through

transfer reactions in the near- thcrmoneutral symmetric

14 N2+/15N2, 12cO+/13C0, ancl 13 CO+/12C0 were found to have

rate coefficients which are half of tile

mechanism. The rates of hydrogen

HD2+/HD, and 14 N114+/]sNH3  were  till

collision rate. This suggested a

exchange in the reactions of

found to have reactions rate

coefficients which would be expected from a statistical mode13. The two systems

CH3D2+/CIIzD2 and CH2D ~+/CHzD2 could not be explained by such a mechanism.

Subsequent work has been published o n  H30+/Dz0,  D30+/IIz0, NHd+/ND3,

ND4+/NH3, CH5+/CDq, and CD~+/CH,4. In this wolk  the reactions were analyzed b y

considering the average number of proton/deuteron jumps, K, occurring during

the lifetime of the intermediate. The water system was determined to be long

lived compared to the shuttling time and therefore gave statistical exchanges, K 2

20. Ammonia and methane systems were found to have increasingly shorter

lived complexes compared to the shuttling time and therefore gave less and less

opportunity for statistical results, K = 025 fol methane.
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Exper imenta l

The experiments were performed on a tandem mass spectrometer

configuration ICR-Dempster-lCR5’c.  The instrument is built within a

with the

12 inch

electromagnet. This supplied the magnetic field for all three sections of the

instrument. The source was a two section ICR drift cell. A 180° magnetic sector

was used as the primary mass filter. Typically a 3 kilovolt electric field was used

as the acceleration field and the magnetic field was adjusted to give ions w i th

the appropriate velocity to enter the decele] ation- energy selection region i n

front of the second ICR. After the ions were decelcratecl,  a long narrow Wien

filter was used to limit the ion energies to less than 30 meV before they enter

the second ICR. The second ICR was also a two section drift cell. The second

section was used to measure the reaction of the ions from the entrance through

the detection region. A Wronka bridge detcctor7 was used to monitor the ion

abundances. Frequency scans on the detector were used to obtain a  mass

spectrum in the second ICR.

Gases used were from distilled water and deuterated water. Both samples

were purified by several freeze-pump-thaw cycles. To insure  a predominance of

H20+ and DZO+ from the source, the pressure in the source was limited so that

very little protonated water was evident. The source output was mass analyzed

using only the Dempster sector and an auxiliary current detector. To insure a

predominance of HqO+ and D~O+ from the source, the pressure in the source was

increased until the protonated

required before the pressure

source and the analyzer.

water was dominant species. Many minutes were

and the isotopic purity became

The pressure in the second ICR was measured directly

capacitance manometer which had a 1 Torr head. At lower

gauge was used and calibrated against the Ba] atron at higher
5
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pressures an ion
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The drift time was not measured directly. The rate constants of the known

water reactions were used  as  a  re fe rence and other rate constants w e r e

measured relative to these.

Resul ts  and  Discuss ion

Four sets of data were taken. They consist of values of the fractional

abundance s of the ion concentrations versus the bath pressure. The data sets for

the reactant pairs: HIO+/DzO, DqO+/HzO, DzO+/l IZO, and ]lzO+/DzO are shown i n

Figures 1 through 4.

isomeric species are

consecutive reactions

H~O+ when HZO is the

In general, the starting ion is lost rapidly, then several

formed and in the end a single  ion dominates.  Several

are possible at the highest pressures. The terminal ion is

neutral and D~O+ when DZO is the neutral. The intermediate

steps in the reaction pathway are assumed to be a combination of charge

transfer, proton transfer, and isotopic exchange reactions.

D a t a  A n a l y s e s

The analyses of the data consisted of a least squares regression. The model

used is listed below. The first set of reactions is for a bath of DZO.
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H3CY +  @o HjXP + HDO (9)
HD20+ + HzO ( l o )

H2DO+ + D20 —> HD20+ + HI)() (11)
D30+ + HzO (12)

HD20+ +  D20 —) D30+ + HDo (13)

This second set of reactions is for a bath of HZO.
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The reactions numbers are duplicated under the assumption tha t  the

symmetry of the reactions makes them identical. The solutions to the two sets of

simultaneous differential equations are shown in the Appendices 1 and 2 for

each of the two experiment types: the first having ionized water as the starting

ion and the second having protonated water as the starting ion. These solutions

were then used in a least squares regression to fit to the experimental data.
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These solutions are shown in Figures 1 through 4 as solid lines. The numerical

values are lists in Tables 1 and 2.

A fifth data set was taken from the work of Smith, Adams, and Henchman.

This  f i f th  se t  cons is t s  o f  va lues  of  the  f rac t iona l  abundances of  the  ion

concentrations versus the bath pressure for the reactant pair DgO+/HzO. The data

and fit of this data set is shown in Figure 5.

With the regression technique it was possible to determine the one sigma9,

or 68% confidence level of the branching ratios. This was accomplished b y

varying the branching ratio unti l  the square of the sum of errors was

quadrupled. The present ICR data had a sigma of 0.014 for the H~O+/H20

branching ratios and 0.021 for the HQO+/HzO branching ratios. The single SIFT

data set had a sigma of 0.021 for the HqO+/H20 branching ratios, showing that the

SIFT data was a little noisier.

Conclus ions

Both the ICR results and the SIFT results agree within the 68% confidence

level for the ll~O+/HzO data. The statistical ratios expected from the model of

Smith, Adams, and Henchman, two to one, are within the error limits of each

experiment, but the error limits are, t 0.10 for the ICR experiment and i 0.23 for

the SI~ experiment. There is too large an uncertainty in the results to define

the stat ist ical  model as a unique explanatio]l,  but  certainly cannot not  b e

excluded.

All the channels were determined with some statistical certainty except

the reactions of the singly labeled ion, HDO+. ‘l’he analysis method used in this

work was unable to evaluate the rates of Reactions 5 through 7. All channels

were shown to have a finite probability, but the statistical errors were larger

then the determined values.
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The possible products of the reaction of HZO+ with DZO included: charge

transfer, with and without isotopic scrambling and self protonation of HzO+, with

and without isotopic scrambling. All possible products of the proton /deuteron

exchange reactions of H~O + were observed.

If it assumed that the literature value for the self protonation reaction of

HZO+ and HZO, kg, is also the proton transfer rate. for reactions 1 through 4 and 5

through 7, and that the total of the charge transfer and proton transfer reaction

rates are equal to the collision rate, then the measured rates, kl-d and k~.~, should

be equal to the collision rate minus the rate of the systematic charge transfer

reaction. I f  the  symmetr ic  charge  t ransfe r  channels  a re  assumed to  b  e

statistically accessed, then k~l-a) = 2.78x1 O-s cni 3/s and kt5-8) = 2.41 xl 0-9 cm3/s.  .

These are both consistent with the experimentfil  results.

The measured rat ios of the change  transfer channels 1 and 2 are not

consistent with a statistical distribution of protons and deuterons. We therefore

conclude while the proton transfer reactions are apparently statistical because

they go through a collision complex, the charge transfer reactions are n on-

statistical and do not go through a collision complex.

If ,  for  the proton scrambling reactions,  the reactions proceed at  the

collision rate less the statistical symmetric reaction fraction, t h e n  ktg.lOJ =

2.60x 10-9 Cl113/S,  ktlllz~ = 2.02x 10-9 cm3/s, and kc13J = 1 .16x10-9 cm3/s.  These are

all consistent with the experimental results.
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Table 1. Summary of Analysis of
the H30+/H20  Systems

D30+/H20, H30+/D20,
S I F T S I F T “o+’HEP..

b9 I I0 . 6 8  *.23
b in 0 . 3 2  *.23
k 9-1o I 2.20 I *36!!4

k 13 I 0.75 1+35% I - I 0.801 *1 OOYO 0.62 i.50Yo

k’s in unit of (X 1 0- 9) cm3s-1.

Table 2. Summary of Analysis of
the H20+/H20  Systems

D20+/Hp0
b, 0.08 *.22
b, 0.14 *.16
b, 0.34 *.16

k 1-4 I 4.00 I t50Yo

~
k .

5-7

k8 I I
k’s in unit of (X 1 0- 9) cm3s-

H 0+/D O

T

0 , 2 2  t.20
0 . 4 1  *.15
0 . 0 0  fm15
0.37 *,15

3.62 35070

lSat

0.0-?
0.33
0.33

0,23
0,19
0.58
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.
The Solution

[A] = [A]ocxp[-(k9  + klo)[~]t

[C] = [A]o
[

kg

kg+klo–  (k]+ kn) 1
[exp[-(h  +k12)[B]t]-exp[-  (Wk,o)[fi]f]]

[E] =

[

kg
+[A]o

kg+klo –(kll + k12)

‘A]O[ “0 lex
k,+ ~,o _ ~,3 [ P[-k@f]-exp[-(k~+k~o)[  B]d]

[ 1k,, +::: _k,3 Iexp[-kI’!~l’]-cxp[-(L~I  + kn)[B]t]] -

- [ 1k9+:::_ k,3 [ex@14Md- exP[-@,+-k,o)[B]  t]]

[G =]–[A]–[C]-[E]
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Appendix  2

The Problem

;12

d[X]—  =  -(h+ k2 +k3+ k4)[x][B]

dt

d[ Y]
—  =  kl[x][~]  –(k5+k6+k7)[}’][~]

dt

~ = k2[x][B]+k5[Y][B]- h[n[m

d[C]
—  =  k3[X][B]-  (kll +kn)[CJ[B]

dt

~ = k4[X][B]+  k6[Y][B]+k  11[c][B]--  kn[E][B]

d[G]
— = k7[Y][B]+ ksIZ][ll]+ k12[C][B]  +-kls[l:JIBl

dt
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The Solution

[X] = [X]oexp[-(k] + kz + kq + k4)[B]t

[Y] = [X]o
[

k
kl+kz+kq+kd–(ks+ke+ky) 1

[mp[-(k,+ k6+ k,)[B]t]-  exp[-(k,  + k,+ kq-t k.i)[h’]f]]

[z] =

[X](I
[

kz

kl+kz+kq+kd–ks 1
exp[–ka[ll]t]  – exp[–(kl  +- kz +- k3 i k4)[B]f]]

[

ks

[

kl

1[ [

1— [cx],[-k,[B]t]-  cx~)[-(ks+ k6+ k,)[li’]f]]
ks+ke+ky–ka

+[X]O
kl+k2+k3+k.4  -(ks+k6+k7j ks—

][-—-—- exp[--kri[ll]t~  -- exp[–(kl  +- kz + ks + kd)[ll]f]]
kli-kz+ks+k.i-ka 1

[c] = [X]o
[

kq .

kl+kz+kq+kd-(kl]+kn) 1
exp[–(kll  + kn)[ll]f]  – exp[- (kl + kz +- kq + k.t)[ll]t]]

[E] =

[X]o
[

kd

kl+kz+kq+kd–klq) 1[cxp[-k,,[B]t]- cxp[-(k, +kz+ k.+ k4)[B]f]]

[

k6 -

[

kl

11 [

][———— exp[–k13[ll]f]  - exp[-
ks+k6+k7- kn-

+[ X]o
k)+kz+kq +k.t-(ks+ke+kl) k6— 1—--— - [exp[-k,,[B]r]-

kl+-k2+k3+k4–ku

[

ks
-+[X]O

kl+kz+kj+kd–(k]l+kn)

(ks + k6 + k7)[h’]t]]

exp[-(kl  + kz + ks + kd)[ll]t]]

[

kl)

kll + kn – kn 1
[exp[-knll?]t]- exp[-(k,~ +kn)[h’]f]]

[

kll— 1 1—- \exp[-k,3[Zl]r]--  cxp[-(k,+  kz+ k,+  kd)[li]f]]
kl+k2+k3+k4-k13

[G]== l-[ X]-[Y]-[Z]-[C]-[E]
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Figure 1. Ion abundances in the isotropic exchanges reactions starting with H30+ in a D20 bath. From the tandem lCR-Dempster-lCR
spectrometer. The points represent the data and the line a modeled fit.
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Figure 3. Ion abundances
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in the isotopic exchange reactions starting with D30+  in a H20 bath. From
points are the data and the line a modeled fit.
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